Little is known about the physiologic determinants of 6-minute walk distance in idiopathic pulmonary fibrosis. We investigated the demographic, pulmonary function, echocardiographic, and hemodynamic determinants of 6-minute walk distance in patients with idiopathic pulmonary fibrosis evaluated for lung transplantation. We performed a cross-sectional analysis of 130 patients with idiopathic pulmonary fibrosis who completed a lung transplantation evaluation at the Hospital of the University of Pennsylvania between 2005 and 2010. Multivariable linear regression analysis was used to generate an explanatory model for 6-minute walk distance. After adjustment for age, sex, race, height, and weight, the presence of right ventricular dilation was associated with a decrease of 50.9 m (95% confidence interval [CI], 8.4-93.3) in 6-minute walk distance (P ¼ 0:02). For each 200-mL reduction in forced vital capacity, the walk distance decreased by 15.0 m (95% CI, 9.0-21.1; P < 0:001). For every increase of 1 Wood unit in pulmonary vascular resistance, the walk distance decreased by 17.3 m (95% CI, 5.1-29.5; P ¼ 0:006). Six-minute walk distance in idiopathic pulmonary fibrosis depends in part on circulatory impairment and the degree of restrictive lung disease. Future trials that target right ventricular morphology, pulmonary vascular resistance, and forced vital capacity may potentially improve exercise capacity in patients with idiopathic pulmonary fibrosis.
Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease (ILD) associated with significant morbidity, including impairments in exertional tolerance, functional independence, and quality of life. 1, 2 Physiologic determinants of exercise capacity in patients with IPF are poorly understood. Proposed mechanisms for exercise limitation include inadequate oxygen delivery due to increased pulmonary vascular resistance (PVR), impaired augmentation of cardiac output, and diffusion limitation. [2] [3] [4] The 6-minute walk distance (6MWD) is a reproducible and easily performed test that is associated with mortality in IPF. [5] [6] [7] [8] [9] [10] [11] The 6MWD is also a component of the lung allocation score for consideration for lung transplantation. 6, 12 Because of its relationship with various patient-centered outcomes, clinical trials of therapies for patients with IPF have included the 6MWD as a primary or secondary end point. Understanding the physiologic determinants of 6MWD may help explain how certain therapeutic interventions affect 6MWD and may identify future therapeutic targets to improve quality of life and survival.
Unfortunately, no factor consistently predicts 6MWD across different cardiopulmonary syndromes, likely because of the heterogeneity of the physiologic factors that affect exercise. 5, [13] [14] [15] [16] [17] The clini-cal factors associated with 6MWD in IPF have been inconsistent between studies because of small sample sizes, inclusion of patients with a broad range of IPF severity, and lack of simultaneous echocardiography, spirometry, and right heart catheterization. 5, 6, 11, 16 Forced vital capacity (FVC), diffusing capacity for carbon monoxide (DLCO), and mean pulmonary artery pressure (mPAP) are all associated with 6MWD in IPF in different studies. 5, 16 We have previously shown that right ventricular (RV) dilation and dysfunction predict mortality among patients with IPF. 18 However, little is known about the association between RV structure and function and exercise tolerance in patients with IPF.
We examined the demographic, pulmonary function, echocardiographic, and hemodynamic determinants of 6MWD in patients with IPF undergoing evaluation for lung transplantation. We hypothesized that RV morphology and PVR would be associated with 6MWD independent of other measures of lung function.
METHODS
We conducted a cross-sectional analysis of a retrospective cohort of patients with IPF evaluated for lung transplantation at the Hospital of the University of Pennsylvania between 2005 and 2010.
The University of Pennsylvania institutional review board approved this study (no. 813174).
Subjects
Patients were evaluated for inclusion if they presented to the Hospital of the University of Pennsylvania between 2005 and 2010 for lung transplantation evaluation for a diagnosis of IPF, pulmonary fibrosis, or ILD. Eligible patients were screened to ensure they fulfilled "definite" usual interstitial pneumonia (UIP) criteria by highresolution computed tomography (CT) or "possible" UIP criteria by CT with "definite or probable" histopathologic UIP criteria using the 2011 American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines for IPF (reviewed by BNR-L). 19 We excluded patients with other forms of diffuse parenchymal lung disease or coexisting rheumatologic disease.
Hemodynamic characteristics
Patients underwent a right heart catheterization (RHC) at rest (Swan-Ganz catheter, Edwards Lifesciences). For quality control, RHC tracings from a subset (68%) of the cohort were revaluated by an investigator (BNR-L) blinded to clinical and echocardiographic data.
Echocardiography
Patients underwent transthoracic Doppler echocardiography, findings of which were interpreted by a physician (BNR-L) blinded to the clinical data and hemodynamic characteristics (Prosolv Cardio-Vascular, FUJIFILM Holdings America). A second physician blinded to the initial read, clinical data, and RHC tracings reviewed 41 (32%) of the echocardiograms for quality control. Left and right chamber volumes and systolic function were assessed according to the American Society of Echocardiography guidelines. 20 
Pulmonary function testing (PFT)
All patients underwent spirometry conducted according to the updated 2005 ATS/ERS guidelines. 21 Lung volumes were measured using whole-body plethysmography, and DLCO was obtained by the single-breath technique. Standard normative equations were used for spirometry, 22 lung volumes, 23 and DLCO. 24 
Six-minute walk test
All patients underwent 6-minute walk testing indoors on a flat surface according to 2002 ATS guidelines 10 with supplemental oxygen use. Arterial blood gas sampling was performed at rest with room air for all patients, except for two patients who underwent testing while receiving 2 or 6 L/min of oxygen.
Statistical analysis
Continuous variables were summarized with mean and standard deviation or median and interquartile range (IQR). Categorical variables were summarized by frequency and percentages. Differences in hemodynamic characteristics between those with and without RV dilation were assessed with unpaired t tests, Mann-Whitney U tests, or χ 2 tests.
Bivariate analysis was used to evaluate the association of various demographic, pulmonary function, echocardiographic, and hemodynamic parameters selected a priori with 6MWD. Variables with P value ≤0.15 were considered for inclusion into the multivariable model. Interactions were assessed a priori between sex and covariates. If variables were collinear, the variable with the strongest correlation with 6MWD was included in multivariable analysis. Age, sex, race, height, and weight were forced into the multivariable analysis. We used purposeful selection of covariates to generate the final multivariable model. Individual variables were retained in the final multivariable regression model if the P value was <0.05 or their inclusion changed the β-coefficient of other predictors by >15%. RV dysfunction was evaluated in a multivariable model without PVR due to collinearity. Twenty complete data sets were generated with multiple imputation to account for missing data. Both the model excluding subjects with missing data (complete case analysis) and the model using multiply imputed data are presented. Postestimation model checking was performed to assess for normally distributed residuals and adequate model fit.
A P value <0.05 was used to indicate statistical significance. Statistical analyses were performed using STATA software version 12.0 (StataCorp, College Station, TX).
RESULTS
During the study period, 787 patients were evaluated for lung transplantation at our center. Of those, 315 had a clinical diagnosis of IPF, pulmonary fibrosis, or ILD. A total of 153 met "definite" UIP criteria by high-resolution CT or "possible" UIP criteria by CT with "definite or probable" histopathologic UIP criteria using the 2011 ATS/ERS guidelines for IPF (reviewed by BNR-L). 19 Of the 153 patients, 23 did not have Doppler echocardiogram, RHC, or 6MWD data available, leaving 130 patients in the final study sample ( Fig. 1 ).
Characteristics of the study sample are shown in Tables 1 and 2. The median age was 60 years (IQR, 55-63 years). The study population was mostly male (73.1%), white (81.5%), and former smokers (73.1%). The mean FVC percentage predicted (FVC%) was 51:8% AE 15:2%, and the median DLCO% was 36% (IQR, 31%-49%). Sixteen patients (12.3%) had FVC% >70%. Eleven subjects (8.5%) were prescribed pulmonary vasodilators. Eighty percent of our cohort required supplemental oxygen during their 6-minute walk test at a median flow rate of 6 L/min (IQR, 2-10 L/min). The mean 6MWD was 379:0 AE 127:6 m. Of the 130 patients, 67 (51.5%) underwent transplantation.
Among the 56 subjects with RV dilation, 22 had moderate to severe RV dilation. Thirty-eight patients (29.2%) had pulmonary hypertension (PH) defined as mPAP ≥25 mmHg and pulmonary capillary wedge pressure (PCWP) <15 mmHg. The median mPAP in those with and without PH was 30 mmHg (IQR, 27-33 mmHg) and 21 mmHg (IQR, 18-24 mmHg), respectively (P < 0:001). Compared with subjects without RV dilation, those with RV dilation had a significantly higher PVR, higher mPAP, and shorter 6MWD ( Table 3 ). Among the 52 patients with normal PVR (≤3 Wood units [WU]) at rest, 13 had mild RV dilation and 5 had moderate RV dilation.
The median time between RHC and Doppler echocardiogram was 24 hours (IQR, 24-48 hours), and the median time between RHC and PFTs was 48 hours (IQR, 24-72 hours). To ensure accurate identification of subjects with IPF for inclusion into our study, 32 (10%) of the 315 subjects who had a diagnosis of ILD, IPF, or pulmonary fibrosis were independently reviewed for a diagnosis of IPF (SMK). An interobserver κ of 1.0 demonstrated perfect agreement for the diagnosis of IPF between the two observers. The intraclass correlation coefficients (ICCs) between two independent interpretations of the echocardiograms ranged from 0.70 to 0.90 (depending on the measure). The ICCs for hemodynamic parameters in the 92 patients with RHC (68%), blindly reinterpreted and compared with the clinical reports, ranged from 0.95 to 0.99. Because of the very strong agreement, the clinical report data were used in the analysis. Table E1 (Tables E1-E3 available online) shows the bivariate analysis of demographic and PFT variables with 6MWD. Lower FVC, forced expiratory volume in 1 second, total lung capacity, DLCO, and resting partial pressure of oxygen in arterial blood (PaO 2 ) were all associated with significantly shorter 6MWD. The presence of right arterial (RA) dilation or RV dilation was associated with significantly shorter 6MWD (Table E2) , whereas the presence of tricuspid regurgitation, mitral regurgitation, or any RV dysfunction were not. However, the presence of moderate to severe RV dysfunction (n ¼ 12), compared with no or mild RV dysfunction, was associated with a 99.7 m (95% CI, 26.0-173.5; P ¼ 0:008) shorter 6MWD. Higher RV ∶ LV diameter was also associated with a significantly shorter 6MWD. Higher mPAP and PVR (Table E2 ; Fig. 2 ) on RHC were significantly associated with lower 6MWD; however, cardiac output, cardiac index, and PCWP were not.
Predictors of 6MWD
Multivariable regression with multiple imputation is shown in Table 4 . After adjustment for age, sex, race, height, and weight, the presence of RV dilation was associated with a 50.9 m (95% CI, 8.4-93.3) shorter 6MWD (P ¼ 0:02). For each 200-mL reduction in FVC, 6MWD decreased by 15.0 m (95% CI, 9.0-21.1; P < 0:001). For every 1-WU increase in PVR, 6MWD decreased by 17.3 m (95% CI, 5.1-29.5; P ¼ 0:006). As sex, race, height, and weight were included in the model, use of indexed parameters was not required. Inclusion of PaO 2 decreased the β coefficients for both PVR (from −17.3 to −11.7) and RV dilation (from −50.9 to −37.8) by >15%. If moderate to severe RV dysfunction was substituted for PVR in the Multivariable regression using complete case analysis is provided in the Appendix (Table E3 ; Appendix available online). The effect of each variable on 6MWD as measured by the β coefficient estimate was similar between the complete case analysis and the multivariable model created using multiple imputation data with the exception of height and black race.
DISCUSSION
We have identified several determinants of 6MWD in patients with IPF undergoing evaluation for lung transplantation, including RV dilation and dysfunction, PVR, and FVC. Our study confirms that exercise limitation in IPF is multifactorial in nature with contribution from circulatory impairment and respiratory mechanics. This study is unique in its incorporation of hemodynamics and detailed echocardiographic assessment of RV morphology and function. This is the first study, to our knowledge, to demonstrate that RV morphology on transthoracic echocardiogram (TTE) has a significant and independent association with 6MWD.
In our study, higher PVR and the presence of RV dilation were independently associated with shorter 6MWD. Taken together, this likely reflects an impact of RV afterload and circulatory impairment on exercise capacity. Pulmonary vascular remodeling of the small and large vessels in IPF occurs via hypoxia-dependent and hypoxiaindependent mechanisms. [25] [26] [27] [28] These changes increase PVR and decrease compliance, both of which contribute to RV afterload. 28 The effect of higher resting PVR and the presence of RV dilation on 6MWD in our study could both be mediated through limitation in RV flow due to higher afterload. PVR may partially reflect the afterload encountered by the RV at rest, whereas RV dilation may indirectly reflect exertional afterload. Several case studies have documented transient RV dilation during exercise in patients with PH. 29, 30 Recurrent transient increases in afterload during exercise or nocturnal desaturation in patients with IPF may lead to changes in RV morphology over time that may not be captured by resting hemodynamic measurements. In a study of 65 patients with ILD including IPF without PH at rest, the mPAP increased with exercise from 21.7 to 45.3 mmHg. 31 In a study of 25 patients with ILD, 7 had PH based on resting hemodynamic characteristics, and another 8 demonstrated abnormal pulmonary vascular response on the basis of an elevated mPAP indexed to cardiac output on invasive cardiopulmonary exercise testing. 32 Such increases in mPAP during exercise or sleep may lead to subclinical increased RV wall stress, resulting in RV dilation and impaired exercise tolerance. PaO 2 attenuated the association of 6MWD with PVR and RV dilation, suggesting that hypoxemia may be a mediator or confounder of this relationship. The prevalence of RV dilation in our cohort was higher than in previous studies, 33 which may be due to our study population of patients undergoing lung transplantation evaluation.
The presence of PH with normal left-sided filling pressure did not demonstrate a significant association on bivariate analysis with 6MWD, as it has in other studies. 16, 25, 26 Resting PH itself may not accurately reflect increases in afterload that occur in the setting of exercise, during sleep, or over time. Degani-Costa and colleagues demonstrated abnormal vascular response to exercise in 28% of their ILD cohort with normal resting hemodynamics. 32 RV func- tion was relatively preserved in our cohort as assessed by cardiac output, stroke volume, and RA pressure. The presence of moderate to severe RV dysfunction was associated with a shorter 6MWD. After adjusting for RV dysfunction, the presence of RV dilation remained independently associated with 6MWD and suggests that RV chamber size may provide additional insight into RV function beyond qualitative measures on resting TTE. RV dilation may reflect remodeling, increased RV wall stress or tension, and possible impaired ventricular-arterial coupling as a result of elevated RV afterload, all affecting exercise performance. 34, 35 Lower FVC was also independently associated with lower 6MWD, consistent with earlier studies, 6, 36, 37 and suggests that the degree of restriction plays a role in exertional tolerance. Progressive fibrosis in IPF leads to ventilation/perfusion mismatch and reduced diffusion capacity. In our cohort, DLCO was significantly associated with 6MWD on bivariate analysis, a finding similar to those of previous studies. 11, 38 However, on multivariable analysis, DLCO did not maintain significance after adjustment for PVR, RV dilation, and FVC.
Our study has some limitations. The 6-minute walk test was continued with supplemental oxygen if the oxygen saturation decreased below 80%, reflecting the "real world" function of patients with IPF. Earlier studies have terminated the walk test if the oxygen saturation fell below a certain cutoff point, which may falsely truncate the distance and limit generalizability, because patients with IPF use oxygen during exertion in their daily lives. 5, 6, 38 By allowing the subjects to use supplemental oxygen, our study was able to capture the factors that limit exercise capacity beyond oxygenation. Despite the variable use of supplemental oxygen during the 6-minute walk test in other studies, 6MWD has been repeatedly shown to be a reproducible and strong predictor of survival. 5, 6, 38, 39 This suggests that the use of supplemental oxygen does not impact on the inferences drawn from the distance.
All tests were not always performed on the same day, potentially introducing variability. However, 75% of subjects had their RHC and Doppler echocardiogram completed within 2 days of each other, making significant clinical changes between assessments unlikely. No information regarding skeletal strength, frailty, or reason for 6MWD termination was available for analysis. Studies of patients evaluated for lung transplantation may have selection bias. Although lung transplantation evaluation is recommended for all patients with IPF, 19 the lower median age of our population (likely constrained by the transplantation referral) may limit generalizability to older patients with IPF. Factors determining exercise limitation may differ in those patients who are not referred for evaluation for transplantation.
Our findings stress the importance of pulmonary vascular function and RV structural changes in determining 6MWD in IPF, in addition to the well-known lung structural changes. A recent study of sildenafil in IPF showed the greatest effect in patients with changes in RV morphology. 40 The effect of PVR and RV dilation on 6MWD may in part be mediated by transient or sustained impairment in oxygenation. Understanding the etiology of exercise limitation on 6MWT in patients in IPF may offer a potential target to increase exercise capacity and improve quality of life.
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